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(54) SEMICONDUCTOR DEVICE AND METHOD FOR MANUFACTURING SAME

(57) A semiconductor device includes: a substrate
(10) having a groove (100) formed on a main surface of
the substrate (10); a drift region (20) of a first conductivity
type, the drift region (20) having a portion disposed at a
bottom part of the groove (100); a well region (30) of a
second conductivity type, the well region (30) being dis-
posed in one sidewall of the groove (100) to be connected
to the drift region (20); a first semiconductor region (40)
of the first conductivity type, the first semiconductor re-
gion (40) being disposed on a surface of the well region
(30) in the sidewall of the groove (100) to be away from
the drift region (20); a second semiconductor region (50)
of the first conductivity type, the second semiconductor
region (50) being disposed in the groove (100) to be op-
posed to the well region (30) via the drift region (20); and
a gate electrode (60) opposed to the well region (30), the
gate electrode (60) being disposed in a gate trench that
has an opening extending over the upper surfaces of the
well region (30) and the first semiconductor region (40)
and extends in a depth direction of the groove (100).
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Description

TECHNICAL FIELD

[0001] The present invention relates to semiconductor
devices and methods for manufacturing the same.

BACKGROUND ART

[0002] Technological development is in progress for
improving the performance of semiconductor devices.
For example, a semiconductor device is disclosed in
which in order to improve the trade-off characteristic be-
tween breakdown voltage and on-resistance by decreas-
ing the dimensions of the unit cell, a drain region is formed
at the bottom part of a trench formed at a part of the
surface layer of a semiconductor substrate, and a side-
wall of the trench is a drift region (see Patent Literature
1). This semiconductor device has a drain electrode on
a conducting material filling the inside of the trench. Then,
a base region and a source region are formed in part of
the surface layer of the semiconductor substrate where
the trench is not formed, and the drain region and the
source region are disposed on the respective sides of
the gate electrode.

CITATION LIST

PATENT LITERATURE

[0003] Patent Literature 1: Japanese Patent Applica-
tion Publication No. H08-181313

SUMMARY OF INVENTION

TECHNICAL PROBLEM

[0004] Unfortunately, in the structure in which the
source region and the drain region are disposed on the
respective sides of the gate electrode, the region imme-
diately below the source region does not contribute to
the operation of the transistor. This raises a problem that
the chip area of the transistor is not used effectively, re-
quiring an extra area accordingly.
[0005] The present invention has been made in light
of the above problem, and an object thereof is to provide
a semiconductor device and method of manufacturing
the same that make it possible to reduce the chip area
of a transistor.

SOLUTION TO PROBLEM

[0006] A summary of a semiconductor device accord-
ing to an aspect of the present invention is that the sem-
iconductor device includes: a drift region disposed at the
bottom part of a groove formed on a substrate; a well
region and source region layered in a sidewall of the
groove; and a drain region disposed in the groove, and

a gate electrode is disposed in a gate trench that has an
opening extending over the upper surfaces of the well
region and the source region and extends in the depth
direction of the groove.
[0007] A summary of a method of manufacturing a
semiconductor device according to another aspect of the
present invention is that the method includes the steps
of: forming a drift region at the bottom part of a groove
formed in a substrate; forming a well region and source
region layered in a sidewall of the groove; and forming a
drain region in the groove, and a gate electrode is formed
in a gate trench that has an opening extending over the
upper surfaces of the well region and the source region
and extends in the depth direction of the groove.

ADVANTAGEOUS EFFECTS OF INVENTION

[0008] The present invention provides a semiconduc-
tor device and method of manufacturing the same that
make it possible to reduce the chip area of a transistor.

BRIEF DESCRIPTION OF DRAWINGS

[0009]

[Fig. 1] Fig. 1 is a schematic perspective diagram
illustrating the configuration of a semiconductor de-
vice according to a first embodiment of the present
invention.
[Fig. 2] Fig. 2 is a cross-sectional diagram viewed
along II-II direction in Fig. 1, illustrating the current
route of the main electrical current of the semicon-
ductor device according to the first embodiment of
the present invention.
[Fig. 3] Fig. 3 is a schematic diagram for explaining
the spread of depletion layers of the semiconductor
device according to the first embodiment of the
present invention.
[Fig. 4] Fig. 4 is a schematic plan view of a gate
trench of the semiconductor device according to the
first embodiment of the present invention.
[Fig. 5] Fig. 5 is a perspective diagram for explaining
a method of manufacturing the semiconductor de-
vice according to the first embodiment of the present
invention (part 1).
[Fig. 6] Fig. 6 is a perspective diagram for explaining
the method of manufacturing the semiconductor de-
vice according to the first embodiment of the present
invention (part 2).
[Fig. 7] Fig. 7 is a perspective diagram for explaining
the method of manufacturing the semiconductor de-
vice according to the first embodiment of the present
invention (part 3).
[Fig. 8] Fig. 8 is a perspective diagram for explaining
the method of manufacturing the semiconductor de-
vice according to the first embodiment of the present
invention (part 4).
[Fig. 9] Fig. 9 is a perspective diagram for explaining
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the method of manufacturing the semiconductor de-
vice according to the first embodiment of the present
invention (part 5).
[Fig. 10] Fig. 10 is a perspective diagram for explain-
ing the method of manufacturing the semiconductor
device according to the first embodiment of the
present invention (part 6).
[Fig. 11] Fig. 11 is a perspective diagram for explain-
ing the method of manufacturing the semiconductor
device according to the first embodiment of the
present invention (part 7).
[Fig. 12] Fig. 12 is a perspective diagram for explain-
ing the method of manufacturing the semiconductor
device according to the first embodiment of the
present invention (part 8).
[Fig. 13] Fig. 13 is a perspective diagram for explain-
ing the method of manufacturing the semiconductor
device according to the first embodiment of the
present invention (part 9).
[Fig. 14] Fig. 14 is a perspective diagram for explain-
ing the method of manufacturing the semiconductor
device according to the first embodiment of the
present invention (part 10).
[Fig. 15] Fig. 15 is a schematic perspective diagram
illustrating the configuration of a semiconductor de-
vice according to a modification of the first embodi-
ment of the present invention.
[Fig. 16] Fig. 16 is a schematic perspective diagram
illustrating the configuration of a semiconductor de-
vice according to a second embodiment of the
present invention.
[Fig. 17] Fig. 17 is a perspective diagram for explain-
ing a method of manufacturing the semiconductor
device according to the second embodiment of the
present invention (part 1).
[Fig. 18] Fig. 18 is a perspective diagram for explain-
ing the method of manufacturing the semiconductor
device according to the second embodiment of the
present invention (part 2).
[Fig. 19] Fig. 19 is a schematic perspective diagram
illustrating the configuration of a semiconductor de-
vice according to a third embodiment of the present
invention.
[Fig. 20] Fig. 20 is a perspective diagram for explain-
ing a method of manufacturing the semiconductor
device according to the third embodiment of the
present invention.
[Fig. 21] Fig. 21 is a schematic perspective diagram
illustrating the configuration of a semiconductor de-
vice according to a fourth embodiment of the present
invention.

DESCRIPTION OF EMBODIMENTS

[0010] Hereinafter, embodiments will be described
with reference to the drawings. The same portions in the
illustration of the drawings are denoted by the same ref-
erence signs, and description thereof is omitted. Here,

the drawings are schematically illustrated, and thus, the
relationship between the thickness and the plane dimen-
sion, the ratio of the thicknesses of layers, and the like
may be different from actual ones in the drawings. Also,
there may be differences in the relationship or the ratio
of dimensions between the drawings.

[First Embodiment]

[0011] A semiconductor device according to a first em-
bodiment of the present invention includes, as illustrated
in Fig. 1, a substrate 10 having a groove 100 formed on
its main surface, and a drift region 20, well region 30, first
semiconductor region 40, and second semiconductor re-
gion 50 formed on the substrate 10.
[0012] The drift region 20 is of a first conductivity type
and has a portion disposed at a bottom part of the groove
100. Note that in the embodiment illustrated in Fig. 1, the
drift region 20 is disposed to continue from one sidewall
of the groove 100 (hereinafter referred to as the "first
sidewall") to the bottom part of the groove 100.
[0013] The well region 30 which is of a second con-
ductivity type is disposed in the first sidewall of the groove
100 to be connected to the drift region 20. The well region
30 illustrated in Fig. 1 is disposed on the surface of the
drift region 20 in the first sidewall of the groove 100, and
the lower end of the well region 30 is connected to the
drift region 20 at the bottom part of the groove 100.
[0014] The first semiconductor region 40 which is of
the first conductivity type is disposed on the surface of
the well region 30 in the first sidewall of the groove 100.
The first semiconductor region 40 is disposed on the sur-
face of the well region 30 not to extend over the outer
edge of the well region 30 so that the first semiconductor
region 40 is isolated from the drift region 20. Accordingly,
as illustrated in Fig. 1, the lower end of the first semicon-
ductor region 40 is positioned above the lower end of the
well region 30.
[0015] The second semiconductor region 50 which is
of the first conductivity type is disposed in the groove 100
to be opposed to the well region 30 via the drift region
20. The second semiconductor region 50 is connected
to the drift region 20 at a position away from the well
region 30. The second semiconductor region 50 illustrat-
ed in Fig. 2 is disposed at the bottom part of the groove
100 to adjoin to the drift region 20 to be close to the
sidewall of the groove 100 opposed to the first sidewall
(hereinafter referred to as the "second sidewall").
[0016] Note that the first conductivity type and the sec-
ond conductivity type are conductivity types opposite to
each other. Specifically, if the first conductivity type is n-
type, then the second conductivity type is p-type. If the
first conductivity type is p-type, then the second conduc-
tivity type is n-type. In the following, description is made
as an example for the case where the first conductivity
type is n-type and the second conductivity type is p-type.
[0017] As described above, the semiconductor device
illustrated in Fig. 1 has, in the first sidewall of the groove
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100, the drift region 20, the well region 30, and the first
semiconductor region 40, and those are layered along
the direction of the normal line to the first sidewall (here-
inafter referred to as the "lateral direction" of the groove
100). Then, openings are formed to extend over the upper
surfaces of the drift region 20, the well region 30, and the
first semiconductor region 40, and from the openings,
multiple gate trenches are formed to extend in the depth
direction of the groove 100. The gate trenches have a
gate insulating film 65 disposed on their inner wall sur-
faces. The gate trenches are formed to reach the drift
region 20 disposed at the bottom part of the groove 100.
[0018] As illustrated in Fig. 1, the gate insulating film
65 is formed continuously over the drift region 20, the
well region 30, and the first semiconductor region 40 in
the lateral direction. Inside the gate trench, a gate elec-
trode 60 is disposed to be opposed to the well region 30
via the gate insulating film 65.
[0019] The semiconductor device illustrated in Fig. 1
also includes a first main electrode 70 electrically con-
nected to the first semiconductor region 40 and a second
main electrode 80 electrically connected to the second
semiconductor region 50. The first main electrode 70 is
disposed on the surface of the first semiconductor region
40 in the first sidewall of the groove 100. The second
main electrode 80 is disposed in the second sidewall of
the groove 100 to be opposed to the first main electrode
70, and the lower end of the second main electrode 80
is in contact with the second semiconductor region 50 at
the bottom part of the groove 100.
[0020] The first main electrode 70 is one end of the
current route of the main electrical current that flows
through the semiconductor device in the on state. The
second main electrode 80 is the other end of the current
route. The main electrical current of the semiconductor
device flows between the first main electrode 70 and the
second main electrode 80 via the first semiconductor re-
gion 40, the well region 30, the drift region 20, and the
second semiconductor region 50.
[0021] As described later in detail, the semiconductor
device illustrated in Fig. 1 works as a transistor, and the
main electrical current is controlled by applying a speci-
fied voltage to the gate electrodes 60 disposed in a middle
of the current route. In the following, the semiconductor
device is described based on the assumption that the
first semiconductor region 40 is the source region, the
first main electrode 70 is the source electrode, the second
semiconductor region 50 is the drain region, and the sec-
ond main electrode 80 is the drain electrode.
[0022] The groove 100 is filled with an isolation insu-
lating film 90. Specifically, the isolation insulating film 90
is disposed above the drift region 20 disposed at the bot-
tom part of the groove 100 and between the source elec-
trode 70 and the drain electrode 80. This isolation insu-
lating film 90 insulates and isolates the drift region 20
and the source electrode 70 disposed above the drift re-
gion 20 from each other. Fig. 1 illustrates the semicon-
ductor device as if the isolation insulating film 90 were

transparent to make it easy to understand the structure
of the semiconductor device. In other words, only the
outer edges are depicted for the isolation insulating film
90 (the same is true of other perspective diagrams).
[0023] Note that the regions outside the groove 100,
in other words, the regions outside the sidewall portion
of the drift region 20 and outside the drain electrode 80,
the illustration of which are omitted, are regions of the
substrate 10 where the groove 100 is not formed.
[0024] The portion of the drift region 20 disposed at
the bottom part of the groove 100, illustrated in Fig. 1,
has a structure in which an n-type drift region 21, which
is a first conductivity type region, and a p-type drift region
22, which is a second conductivity type region, are dis-
posed alternately in parallel with the main surface of the
substrate 10 and along the direction in which the groove
100 extends. In other words, the semiconductor device
illustrated in Fig. 1 has a super junction structure (SJ
structure) in which multiple pn junctions are arranged at
a constant cycle along the direction in which the groove
100 extends (hereinafter referred to as the "longitudinal
direction" of the groove 100). In semiconductor devices
with the SJ structure, the main electrical current flows
through the n-type drift regions 21 in which the concen-
tration of n-type impurities is high in the drift region 20,
and this reduces the on-resistance. On the other hand,
when a reverse bias is applied, the n-type drift regions
21 and the p-type drift regions 22 are depleted by deple-
tion layers spreading from pn junctions, keeping high
breakdown voltage.
[0025] In the semiconductor device illustrated in Fig.
1, channel regions are formed in the on state in the well
region 30 which is in contact with the gate insulating films
65. Hereinafter, the basic operation of the semiconductor
device illustrated in Fig. 1 will be described.
[0026] In the on operation, the semiconductor device
functions as a transistor by the potential of the gate elec-
trodes 60 being controlled with respect to the potential
of the source electrode 70 in the state where a positive
voltage is applied to the drain electrode 80. Specifically,
when the voltage between the gate electrodes 60 and
the source electrode 70 is a specified threshold voltage
or higher, the inversion layers are formed in the channel
regions in the well region 30 on the side surfaces of the
gate electrodes 60. This makes the semiconductor de-
vice in the on state, and the main electrical current flows
between the drain electrode 80 and the source electrode
70. At this time, the main electrical current flows in the
well region 30 along the direction in parallel with the main
surface of the substrate 10. In Fig. 2, the arrow I indicates
the current route of the main electrical current of the sem-
iconductor device in the on state.
[0027] For the off operation, the voltage between the
gate electrodes 60 and the source electrode 70 is set to
a specified threshold voltage or lower. This makes the
inversion layers disappear, cutting off the main electrical
current.
[0028] In the off state, depletion layers spread from the
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pn junction between the well region 30 and the drift region
20 toward the drain region 50. At this time, as indicated
by the arrows in Fig. 3, depletion layers 200 spread from
the interfaces between the n-type drift regions 21 and
the p-type drift regions 22. When the reverse voltage in-
creases to a certain level, both the n-type drift regions
21 and the p-type drift regions 22 are completely depleted
(which is called the pinch-off state).
[0029] When the n-type drift regions 21 and the p-type
drift regions 22 are in the pinch-off state, the electric field
distribution of the n-type drift region 21 and the p-type
drift region 22 becomes a uniform rectangle distribution,
which greatly decreases the maximum electric field ex-
erted on the semiconductor device. This improves the
breakdown voltage of the semiconductor device.
[0030] In the semiconductor device illustrated in Fig. 1
the source region 40 and the source electrode 70 are
disposed above the drift region 20 disposed at the bottom
part of the groove 100. Thus, unlike the structure having
a source electrode and a drain electrode disposed on the
respective sides of a gate electrode, the region immedi-
ately below the source electrode 70 is an active region,
which is not a region that does not contributes to the
operation of the transistor. Hence, in the semiconductor
device illustrated in Fig. 1, a region that does not contrib-
ute to the operation of the transistor is reduced, which
makes it possible to reduce the chip area.
[0031] In addition, the source region 40 and the well
region 30 are disposed in the first sidewall of the groove
100, and the gate trenches are formed to extend in the
depth direction of the groove 100. Hence, in the on state,
the end portion of the channel region extends in the depth
direction along the first sidewall of the groove 100. In
other words, the channel region is formed to have a gate
width of from the opening of the groove 100 to the bottom
part of the groove 100. The wide channel region formed
as described above reduces the on-resistance.
[0032] Further, the source region 40 is formed in the
groove 100 along the first sidewall, and the source region
40 extends in the depth direction of the groove 100. This
allows the contact portion between the source region 40
and the source electrode 70 formed along the first side-
wall of the groove 100 to extend in the depth direction of
the groove 100. This configuration makes it possible to
increase the contact area without increasing the chip ar-
ea, compared to the case of forming the contact portion
between the source region 40 and the source electrode
70 to be in parallel with the main surface of the substrate
10. Thus, the contact resistance between the source re-
gion 40 and the source electrode 70 is reduced, which
in turn reduces the on-resistance.
[0033] The semiconductor device illustrated in Fig. 1
has a structure in which part of the drift region 20 is dis-
posed in the first sidewall of the groove 100. Thus, when
the well region 30 opposed to the gate insulating films
65 induces channel charge, and the semiconductor de-
vice is turned to the on state, accumulated charge is gen-
erated at the boundary between the drift region 20 and

the gate insulating film 65 in the region surrounded by
the dashed line A in Fig. 4. The current route caused by
this accumulated charge is formed in parallel with the
channel regions formed in the well region 30, providing
the effect of reducing resistance components in the chan-
nel regions of the semiconductor device.
[0034] Note that it is preferable that the substrate 10
be an insulating substrate. Use of an insulating substrate
simplifies the element separation process for the case
where multiple semiconductor devices are integrated on
one substrate 10. In the case where the semiconductor
device is mounted on a cooling unit, an insulating sub-
strate is not necessary between the substrate 10 and the
cooling unit. Here, a substrate "having an insulating prop-
erty" means that the resistivity of the substrate is several
kΩcm or more.
[0035] For example, silicon carbide (SiC) having an
insulating property is used for the substrate 10. There
are several polytypes (crystal polymorphs) of SiC, and a
typical 4H-SiC substrate can be used for the substrate 10.
[0036] Use of a SiC substrate for the substrate 10 pro-
vides a higher insulating property and a higher thermal
conductivity of the substrate 10. This allows the semi-
conductor device to be cooled efficiently by attaching the
back surface of the substrate 10 directly to a cooling
mechanism. Since this structure provides a larger ther-
mal conductivity in the SiC substrate, heat generation
caused by the main electrical current when the semicon-
ductor device is in the on state can be dissipated efficien-
cy. SiC is a wide band gap semiconductor, in which the
number of intrinsic carriers is small, and hence, it is easy
to achieve a higher insulating property, and use of SiC
makes it possible to achieve a semiconductor device with
a high breakdown voltage.
[0037] Hereinafter, a method of manufacturing a sem-
iconductor device according to the first embodiment of
the present invention will be described with reference to
the drawings. Note that the method of manufacturing a
semiconductor device described below is an example,
and thus, in addition to this method, various manufactur-
ing methods including variations of this method are fea-
sible.
[0038] First, a groove 100 is formed on the main sur-
face of a substrate 10 which is non-doped silicon carbide
insulating semiconductor. The depth of the groove 100
is, for example, approximately 10 to 20 mm, and the width
in in the lateral direction is, for example, approximately
10 mm.
[0039] To form the groove 100 by an etching method,
a mask material 111 is formed in a specified shape on
the main surface of the substrate 10 (see Fig. 5). The
mask material 111 may be, for example, a silicon oxide
film, and the deposition method may be a thermal CVD
method or a plasma CVD method. Then, a photoresist
material on the mask material 111 is patterned (not illus-
trated). For the patterning method, a general photolithog-
raphy technique is used. The patterned photoresist ma-
terial is used as a mask to etch the mask material 111.
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For the etching method, a wet etching method using hy-
drofluoric acid or a dry etching method such as reactive
ion etching is used. Next, the photoresist material is re-
moved using oxygen plasma, sulfuric acid, or the like.
The mask material 111 formed as described above is
used as an etching mask to selectively etch substrate 10
by a dry etching method. Thus, the groove 100 is formed
as illustrated in Fig. 5.
[0040] After the mask material 111 is removed, a por-
tion of the drift region 20 that is along the first sidewall
11 of the groove 100 (hereinafter referred to as a "sidewall
portion" of the drift region 20) is formed by ion implanta-
tion or the like. For example, as the arrows indicate in
Fig. 6, the sidewall portion of the drift region 20 is formed
by ion-implanting impurities of a first conductivity type
obliquely from above the opening of the groove 100 into
the first sidewall. At this time, the impurities can be im-
planted only into the first sidewall of the groove 100 by
setting the angle at which the impurities are implanted
into the first sidewall of the groove 100, according to the
aspect ratio determined from the depth and the width in
in the lateral direction of the groove 100. Through this
process, the sidewall portion of the drift region 20 is
formed in the first sidewall of the groove 100. Since the
impurities are implanted from obliquely above, the lower
end of the sidewall portion of the drift region 20 reaches
below the bottom part of the groove 100.
[0041] Next, the n-type drift regions 21 are formed in
the portion of the drift region 20 disposed at the bottom
part of the groove 100 (hereinafter referred to as the "bot-
tom portion" of the drift region 20). For example, as illus-
trated in Fig. 7, a mask material 112 through which the
regions of the bottom part of the groove 100 to be the n-
type drift regions 21 are exposed is formed by a photo-
lithography technique. Then, the n-type drift regions 21
are formed selectively above the substrate 10 by ion-
implanting impurities of the first conductivity type using
the mask material 112 as a mask. At this time, the impu-
rities are implanted a little obliquely toward the first side-
wall from the direction of the normal line to the main sur-
face of the substrate 10, and thus, the impurities are im-
planted into portions below the sidewall portion of the
drift region 20. As a result, the sidewall portion and bottom
portion of the drift region 20 are connected to each other.
After that, the mask material 112 is removed.
[0042] Next a well region 30 is formed in the first side-
wall of the groove 100 to be connected to the drift region
20 by ion implantation or the like. For example, as arrows
indicates in Fig. 8, the well region 30 is formed to cover
the sidewall portion of the drift region 20 by ion-implanting
impurities of a second conductivity type obliquely from
above the opening of the groove 100 into the first side-
wall. At this time, the impurities can be implanted only
into the first sidewall of the groove 100 by setting the
angle at which the impurities are implanted into the first
sidewall of the groove 100, according to the aspect ratio
determined from the depth and the width in in the lateral
direction of the groove 100. Through this process, the

well region 30 is formed in the first sidewall of the groove
100.
[0043] Since the impurities are implanted from oblique-
ly above, the lower end of the well region 30 reaches
below the bottom part of the groove 100. Note that the
condition of the ion implantation is adjusted for the well
region 30 not to pass through the drift region 20. The
impurity concentration of the well region 30 is, for exam-
ple, approximately 1E15/cm3 to 1E19/cm3.
[0044] Next, the p-type drift regions 22 are formed in
the bottom portion of the drift region 20. For example, as
illustrated in Fig. 9, a mask material 113 through which
the regions of the bottom part of the groove 100 to be
the p-type drift regions 22 are exposed is formed, and
then, the p-type drift regions 22 are formed selectively
above the substrate 10 by ion-implanting impurities of
the second conductivity type using the mask material 113
used as a mask. Through this process, the bottom portion
of the drift region 20 is formed in which the n-type drift
region and the p-type drift region are disposed alternately
along the longitudinal direction of the groove 100. After
that, the mask material 113 is removed.
[0045] For the ion implantation in the processes up to
this point, for example, nitrogen (N) is used for the n-type
impurities of the first conductivity type, and aluminum (Al)
or boron (B) is used for the p-type impurities of the second
conductivity type. Note that ion implantation is performed
in the state where the substrate 10 is heated to a tem-
perature of approximately 600°C to prevent or reduce
the occurrence of crystal defects in the ion-implanted re-
gions.
[0046] Meanwhile, in order to completely deplete the
SJ structure in the off state to achieve a high breakdown
voltage, the ratio of the total amount of p-type impurities
in the p-type drift region and the total amount of n-type
impurities in the n-type drift region needs to be set to
around 1. Hence, a high breakdown voltage can be
achieved when Nd representing the concentration of n-
type impurities in the n-type drift region 21, Na represent-
ing the concentration of p-type impurities in the p-type
drift region 22, Wn representing the width of the n-type
drift region 21, and Wp representing the width of the p-
type drift region 22 satisfy the following equation (1): 

[0047] Width Wn and width Wp are the widths in the
direction in which the n-type drift region 21 and the p-
type drift region 22 are repeatedly arranged. The impurity
concentrations of the n-type drift region 21 and the p-
type drift region are set to satisfy equation (1).
[0048] For a semiconductor device of an SJ structure
having the drift region 20 that satisfies the above condi-
tion, the n-type drift regions 21 and the p-type drift regions
22 are depleted in the off state, which increases the
breakdown voltage per unit area of the drift region 20.
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Note that the impurity concentration of the drift region 20
is, for example, approximately 1E15/cm3 to 1E19/cm3.
[0049] Next, a source region 40 is formed on the sur-
face of the well region 30 in the first sidewall of the groove
100. For example, as the arrows indicate in Fig. 10, the
source region 40 is formed in the region in which the well
region 30 has been formed by ion-implanting impurities
of the first conductivity type obliquely from above the
opening of the groove 100 into the first sidewall. At this
time, the impurities are implanted only into the well region
30 of the groove 100 by setting the angle at which the
impurities are implanted into the first sidewall of the
groove 100, according to the aspect ratio determined
from the depth and the width in in the lateral direction of
the groove 100. The impurity concentration of the source
region 40 is, for example, approximately 1E18/cm3 to
1E21/cm3.
[0050] Note that the source region 40 is formed to be
away from the drift region 20. Accordingly, the impurity
implantation angle of ion implantation to form the source
region 40 is set shallower than the impurity implantation
angle of ion implantation to form the well region 30. From
this setting, the lower end of the source region 40 is po-
sitioned above the lower end of the well region 30, which
prevents the source region 40 from extending over to the
outside of the well region 30.
[0051] Next, a drain region 50 is formed in the groove
100 to be opposed to the well region 30 via the drift region
20. The drain region 50 is connected to the drift region
20 at a position away from the well region 30. For exam-
ple, the drain region 50 is formed selectively at the bottom
part of the groove 100 by ion-implanting impurities of the
first conductivity type using, as a mask, a mask material
114 formed such that a specified region is exposed
through the mask material 114 as illustrated in Fig. 11.
The impurity concentration of the drain region 50 is, for
example, approximately 1E18/cm3 to 1E21/cm3.
[0052] After that, the ion-implanted impurities are ac-
tivated by heat treatment. For example, heat treatment
at around 1700°C is performed in argon atmosphere or
nitrogen atmosphere.
[0053] Next as illustrated in Fig. 12, openings are
formed to extend over the upper surfaces of the sidewall
portion of the drift region 20, the well region 30, and the
source region 40, and gate trenches 600 are formed to
extend in the depth direction of the groove 100. For ex-
ample, a mask material formed on the upper surface of
the substrate 10 is patterned by a photolithography tech-
nique, and then, the gate trenches 600 are formed by
etching. The gate trenches 600 are formed to have a
width to reach the sidewall portion of the drift region 20,
the well region 30, and the source region 40 and a depth
to reach the drift region 20.
[0054] Next, gate insulating films 65 are formed on the
inner wall surfaces of the gate trenches 600. For exam-
ple, the inner wall surfaces of the gate trenches 600 are
oxidized to form the gate insulating films 65. The method
of forming the gate insulating films 65 may be a thermal

oxidization method or a deposition method. As an exam-
ple, in the case of a thermal oxidization method, the sub-
strate 10 is heated to a temperature at around 1100°C
in oxygen atmosphere. After the gate insulating films 65
are formed, annealing at around 1000°C may be per-
formed in the atmosphere of nitrogen, argon, N2O, or the
like to decrease the interface state at the interface be-
tween the well region 30 and the gate insulating films 65.
Alternatively, thermal oxidation in NO or N2O atmosphere
may be performed really. In that case, a temperature
around 1100 to 1400°C is preferable. The thickness of
the gate insulating film 65 is approximately several tens
nm.
[0055] Next, as illustrated in Fig. 13, the gate elec-
trodes 60 are formed inside the gate trenches 600. The
gate electrode 60 is opposed to the well region 30 via
the gate insulating film 65. Because a typical material of
the gate electrode 60 is polysilicon films, here description
is made of the case of using polysilicon films for the gate
electrodes 60.
[0056] The deposition method of the polysilicon films
may be a low-pressure CVD method or the like. For ex-
ample, the thickness of a deposited polysilicon film is set
to a value larger than half the width in the longitudinal
direction of the opening of the gate trench 600. Since a
polysilicon film is formed from the inner wall surfaces of
the gate trench 600, the gate trench 600 can be com-
pletely filled with a polysilicon film by setting the thickness
of the polysilicon film as described above. For example,
in the case where the width of the gate trench 600 is 2
mm, a polysilicon film is formed such that the film thick-
ness is 1 mm or more. After the polysilicon film is depos-
ited, an annealing treatment at 950°C is performed in
phosphorus oxychloride POCl3 to form an n-type polysil-
icon film, which makes the gate electrode 60 conductive.
[0057] Next, the polysilicon film is planarized by etch-
ing. The etching method may be isotropic etching or an-
isotropic selective etching. The amount of etching is set
such that the polysilicon film remains inside the gate
trench 600. For example, in the case where the width of
the gate trench 600 is 2 mm, and a polysilicon film has
been deposited to a thickness of 1.5 mm, the amount of
etching for the polysilicon film should preferably be set
to 1.5 mm. However, for the amount of etching of 1.5 mm,
several percent over-etching in the control of etching will
not cause any problem.
[0058] After that, as illustrated in Fig. 14, an isolation
insulating film 90 is deposited on the upper surface of
the substrate 10, and the groove 100 is filled with the
isolation insulating film 90. For the isolation insulating
film 90, a silicon oxide film is typically preferable, and the
deposition method may be a thermal CVD method or a
plasma CVD method.
[0059] A resist film (not illustrated) formed on the upper
surface of the isolation insulating film 90 is patterned by
a photolithography technique or the like, and this resist
film is used as a mask to selectively remove parts of the
isolation insulating film 90 in the regions where a source
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electrode 70 and a drain electrode 80 are to be formed.
Through the process of selectively removing the isolation
insulating film 90, contact holes in which the contact sur-
face of the source region 40 to be in contact with the
source electrode 70 and the contact surface of the drain
region 50 to be in contact with the drain electrode 80 are
exposed are formed in the isolation insulating film 90.
The etching method for forming the contact holes may
be a wet etching method using hydrofluoric acid or a dry
etching method such as reactive ion etching. After that,
the resist film is removed using oxygen plasma, sulfuric
acid, or the like.
[0060] Then, the source electrode 70 and the drain
electrode 80 are formed as illustrated in Fig. 1 by filling
the contact holes formed in the isolation insulating film
90. The source electrode 70 and the drain electrode 80
are typically metal films. The materials of the source elec-
trode 70 and the drain electrode 80 may be metal mate-
rials such as nickel (Ni) and molybdenum (Mo). Alterna-
tively, laminated layer layers made of titanium (Ti), nickel
(Ni), silver (Ag), or the like may be used for the source
electrode 70 and the drain electrode 80.
[0061] The source electrode 70 and the drain electrode
80 may be formed by depositing a metal material on the
entire surface by a sputtering method, an electron beam
(EB) vapor deposition method, or the like and then etch-
ing the metal material by a dry etching method using a
patterned resist film as a mask. Alternatively, the source
electrode 70 and the drain electrode 80 may be formed
by filling the contact holes formed in the isolation insu-
lating film 90 with a metal material by a plating process.
[0062] Through the processes above, the semiconduc-
tor device illustrated in Fig. 1 is completed. In the above,
the drift region 20 is formed by ion-implanting impurities
into the substrate 10 having an insulating property. This
eliminates the need for a process of epitaxial growth and
reduces the manufacturing cost.
[0063] Similarly, since the well region 30, the source
region 40, and the drain region 50 are formed by ion-
implantation impurities into the substrate 10, the manu-
facturing cost is lower than in the case of forming them
by epitaxial growth.
[0064] In addition, the sidewall portion of the drift region
20, the well region 30 formed in the surface of this sidewall
portion, and the source region 40 formed in the surface
of the well region 30 are formed by ion-implanting impu-
rities obliquely from the opening of the groove 100 into
the first sidewall. This process reduces the manufactur-
ing cost and makes it possible to form these regions only
in the first sidewall.

<Modification>

[0065] A semiconductor device according to a modifi-
cation of the first embodiment, illustrated in Fig. 15 has
a drift region 20 disposed only at the bottom part of a
groove 100. In other words, the semiconductor device
according to the modification is different from the semi-

conductor device illustrated in Fig. 1 in that the drift region
20 is not disposed in the first sidewall of the groove 100.
[0066] As illustrated in Fig. 15, the lower end of a well
region 30 disposed in the first sidewall of the groove 100
is connected to the drift region 20 at the bottom part of
the groove 100. The openings of gate trenches are
formed to extend over the upper surfaces of the well re-
gion 30 and the first semiconductor region 40, and gate
insulating films 65 and gate electrodes 60 are disposed
inside the gate trenches. The gate trenches extend in the
depth direction of the groove 100 and pass through the
well region 30, and the lower ends of the gate trenches
reach the drift region 20.
[0067] Since the semiconductor device illustrated in
Fig. 15 does not have a drift region 20 in the first sidewall
of the groove 100, the manufacturing process is shorter,
and the manufacturing cost is lower.
[0068] Also in the semiconductor device illustrated in
Fig. 15, the region immediately below the source elec-
trode 70 is not a region that does not contribute to the
operation of the transistor, which makes it possible to
reduce the chip area. The channel regions are formed
along the depth direction of the groove 100 in the on
state, which reduces the on-resistance. Further, the
source region 40 extends in the depth direction of the
groove 100, which reduces the contact resistance be-
tween the source region 40 and the source electrode 70.
[0069] Note that the semiconductor device according
to the embodiment of the present invention does not need
to have a drift region 20 with a SJ structure, as illustrated
in Fig. 15. In other words, the bottom portion of the drift
region 20 may be formed to be a single layer.

[Second Embodiment]

[0070] In a semiconductor device according to a sec-
ond embodiment of the present invention, a drift region
20 has, as illustrated in Fig. 16, a structure in which an
n-type drift region 21 and a p-type drift region 22 are
alternately layered along the depth direction of the groove
100 at the bottom part of the groove 100. Regarding the
longitudinal direction of the groove 100, each of the n-
type drift region 21 and the p-type drift region is disposed
to extend continuously over the entire surface, unlike the
first embodiment having a structure in which an n-type
drift region 21 and a p-type drift region are alternately
disposed. Other configurations are the same as those of
the first embodiment illustrated in Fig. 1.
[0071] The semiconductor device illustrated in Fig. 16
operates in the same way as in the semiconductor device
illustrated in Fig. 1. Specifically, when the voltage be-
tween the gate electrode 60 and the source electrode 70
is a specified threshold voltage or higher, the inversion
layers are formed in the channel regions in the well region
30 at the side of the gate electrodes 60. This makes the
semiconductor device in the on state. For the off opera-
tion, the voltage between the gate electrode 60 and the
source electrode 70 is set to a specified threshold voltage
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or lower. This makes the inversion layers disappear, cut-
ting off the main electrical current.
[0072] In the off state, a depletion layer spreads from
the interface between the n-type drift region 21 and the
p-type drift region 22 layered along the thickness direc-
tion of the groove 100. When the n-type drift region 21
and the p-type drift region 22 are in the pinch-off state,
the electric field distribution of the n-type drift region 21
and the p-type drift region 22 becomes a uniform rectan-
gle distribution, greatly decreasing the maximum electric
field exerted on the semiconductor device. This improves
the breakdown voltage of the semiconductor device.
[0073] Hereinafter, an example of a method of manu-
facturing the semiconductor device according to the sec-
ond embodiment will be described with reference to the
drawings.
[0074] In the same way as in the method described
with reference to Fig. 5 in the first embodiment, a groove
100 is formed on a substrate 10. A substrate of a non-
doped silicon carbide insulating semiconductor or the like
is used for the substrate 10.
[0075] Then, the sidewall portion of a drift region 20
and an n-type drift region 21 are formed as illustrated in
Fig. 17 by ion implantation using a mask material 211,
which has been patterned using a photolithography tech-
nique or the like, as a mask. Specifically, the sidewall
portion of the drift region 20 is formed in the first sidewall
of the groove 100 by ion-implanting impurities from ob-
liquely above into the first sidewall of the groove 100.
Then, the n-type drift region 21 is formed at the bottom
part of the groove 100 by ion-implanting impurities into
the main surface of the substrate 10.
[0076] After the mask material 211 is removed, the well
region 30 and the p-type drift region 22 are formed by
ion implantation using a newly formed mask material 212
as a mask as illustrated in Fig. 18. Specifically, the well
region 30 is formed in the first sidewall of the groove 100
to be layered with the sidewall portion of the drift region
20 by ion-implanting impurities from obliquely above into
the first sidewall of the groove 100. Then, a p-type drift
region 22 is formed at the bottom part of the groove 100
to be layered with the n-type drift region 21 by ion-im-
planting impurities into the main surface of the substrate
10.
[0077] After that, a source region 40, drain region 50,
gate insulating film 65, gate electrode 60, isolation insu-
lating film 90, source electrode 70, and drain electrode
80 are formed in the same way as in the method de-
scribed with reference to Figs. 10 to 14 in the first em-
bodiment. Through these processes, the semiconductor
device illustrated in Fig. 16 is completed.
[0078] The semiconductor device according to the sec-
ond embodiment may require only one mask material to
form the sidewall portion of the drift region 20 and the n-
type drift region 21 as described in the above manufac-
turing method. In addition, the semiconductor may re-
quire only one mask material to form the well region 30
and the p-type drift region 22. Thus, it is possible to re-

duce the manufacturing cost. In addition, as in the first
embodiment, the region immediately below the source
electrode 70 is not a region that does not contribute to
the operation of the transistor, which makes it possible
to reduce the chip area. The channel regions are formed
along the depth direction of the groove 100 in the on
state, which reduces the on-resistance. Further, the
source region 40 extends in the depth direction of the
groove 100, which reduces the contact resistance be-
tween the source region 40 and the source electrode 70.
[0079] Note that the n-type drift regions 21 and the p-
type drift regions 22 may be alternately layered by re-
peating the process of forming the n-type drift region 21
and the process of forming the p-type drift region 22.
These processes form a SJ structure having multiple pn
junctions arranged at a constant cycle along the depth
direction of the groove 100. This configuration further im-
proves the breakdown voltage of the semiconductor de-
vice. Other features are substantially the same as those
of the first embodiment, and thus repetitive description
thereof is omitted.

[Third Embodiment]

[0080] A semiconductor device according to a third em-
bodiment of the present invention, as illustrated in Fig.
19, has a dividing groove 900 that is formed in an isolation
insulating film 90 disposed to fill the inside of the groove
100 between the source electrode 70 and the drain elec-
trode 80 and that extends in parallel with the first sidewall
of the groove 100. The dividing groove 900 divides a
portion of the isolation insulating film 90, sandwiched be-
tween the source electrode 70 and the drain electrode
80. Specifically, the semiconductor device illustrated in
Fig. 19 is different from the semiconductor device illus-
trated in Fig. 1 in that the dividing groove 900 divides the
isolation insulating film 90 between the source electrode
70 and the drain electrode 80. Other configurations are
the same as those of the first embodiment illustrated in
Fig. 1.
[0081] For the semiconductor device illustrated in Fig.
19, the dividing groove 900 formed in the isolation insu-
lating film 90, which is a space provided between the
source electrode 70 and the drain electrode 80, reduces
the parasitic capacitance (Cds) between the source elec-
trode 70 and the drain electrode 80. This in turn reduces
the switching loss caused by charging and discharging
with the output capacitance (Coss) in switching operation
of the semiconductor device.
[0082] To reduce the parasitic capacitance (Cds), the
depth of the dividing groove 900 is set such that the di-
viding groove 900 is formed at least in the region via
which the source electrode 70 and the drain electrode
80 face each other. For example, the dividing groove 900
is formed such that the bottom part of the dividing groove
900 is positioned to be lower than the lower end of the
source electrode 70.
[0083] Note that even a small space formed in the iso-
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lation insulating film 90 between the source electrode 70
and the drain electrode 80 can reduce the parasitic ca-
pacitance (Cds). For example, a dividing groove 900 hav-
ing a width of about several hundred nm to 1 mm is
formed.
[0084] The isolation insulating film 90 can be formed
in the dividing groove 900 by a dry etching method or the
like. For example, as illustrated in Fig. 20, after the iso-
lation insulating film 90 is formed, a resist film 311 is
formed on the upper surface of the isolation insulating
film 90 and patterned by a photolithography technique to
remove part of the resist film 311 in the region where the
dividing groove 900 is to be formed. Then, the isolation
insulating film 90 is selectively etched by a dry etching
method using the resist film 311 as a mask to form the
dividing groove 900. Other features are substantially the
same as those of the first embodiment, and thus repetitive
description thereof is omitted.

[Fourth Embodiment]

[0085] A semiconductor device according to a fourth
embodiment of the present invention, as illustrated in Fig.
21, has two semiconductor devices in one groove 100
each having the same configuration as in the semicon-
ductor device according to the first to the third embodi-
ments.
[0086] Specifically, a drain region 50 is disposed be-
tween a first sidewall and a second sidewall opposed to
each other and at the bottom part in the center of the
groove 100, and a drain electrode 80 is disposed on the
upper surface of the drain region 50. Then, two semicon-
ductor devices having respective source regions 40 dis-
posed in the first sidewall and second sidewall of the
groove 100 are integrated.
[0087] The semiconductor devices illustrated in Fig. 21
has a unit structure 1 including two semiconductor de-
vices that share the drain region 50 and the drain elec-
trode 80. The unit structure 1, in which two semiconductor
devices are disposed for one groove 100 along the lateral
direction of the groove 100, improves the integration den-
sity.
[0088] Note that although Fig. 21 illustrates only one
unit structure 1, multiple unit structures 1 may be con-
nected along the lateral direction of the groove 100, shar-
ing the gate electrodes 60 of each unit structure 1. Other
features are substantially the same as those of the first
to third embodiments, and thus repetitive description
thereof is omitted.

[Other Embodiments]

[0089] Although the present invention has been de-
scribed by showing embodiments as above, it should not
be understood that the descriptions and drawings con-
sisting part of this disclosure limit this invention. From
this disclosure, various alternative embodiments, exam-
ples, and operational techniques will be apparent to those

skilled in the art.
[0090] For example, although an example in which a
SiC substrate is used for the substrate 10 has been de-
scribed in the above, the material of the substrate 10 is
not limited to a SiC substrate, but a substrate 10 made
of a semiconductor material having a wide band gap may
be used. Examples of semiconductor materials having a
wide band gap include GaN, diamond, ZnO, and AlGaN.
[0091] In addition, although an example in which an n-
type polysilicon film is used for the gate electrode 60 has
been described, a p-type polysilicon film may be used
for it. In addition, other semiconductor materials may be
used for the gate electrode 60, or other conductive ma-
terials such as a metal material may be used. For exam-
ple, poly-silicon carbide, SiGe, Al, or the like of the second
conductivity type may be used for the material of the gate
electrode 60.
[0092] Note that an example in which a silicon oxide
film is used for the gate insulating film 65 has been de-
scribed, a silicon nitride film may be used for the gate
insulating film 65. Alternatively, layered material of a sil-
icon oxide film and a silicon nitride film may be used for
the gate insulating film 65. Isotropic etching for the case
where a silicon nitride film is used for the gate insulating
film 65 can be performed by cleaning with hot phosphoric
acid at 160°C.
[0093] In addition, although the above description is
based on the assumption that the first semiconductor re-
gion 40 is the source region and that the second semi-
conductor region 50 is the drain region, the semiconduc-
tor device may be configured such that the first semicon-
ductor region 40 is the drain region and that the second
semiconductor region 50 is the source region.
[0094] As above, it goes without saying that the present
invention includes various embodiments and the like not
described herein.

INDUSTRIAL APPLICABILITY

[0095] The semiconductor device and method of man-
ufacturing the same according to the present invention
can be used in the electronics industry including a man-
ufacturing industry that manufactures semiconductor de-
vices in which the main electrical current flowing between
two main electrodes is controlled.

REFERENCE SIGNS LIST

[0096]

10 substrate
20 drift region
21 n-type drift region
22 p-type drift region
30 well region
40 first semiconductor region
50 second semiconductor region
60 gate electrode
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65 gate insulating film
70 first main electrode
80 second main electrode
90 isolation insulating film

Claims

1. A semiconductor device comprising:

a substrate having a groove formed on a main
surface of the substrate;
a drift region of a first conductivity type, the drift
region having a portion disposed at a bottom
part of the groove;
a well region of a second conductivity type, the
well region being disposed in one sidewall of the
groove to be connected to the drift region;
a first semiconductor region of the first conduc-
tivity type, the first semiconductor region being
disposed on a surface of the well region in the
sidewall of the groove to be away from the drift
region;
a second semiconductor region of the first con-
ductivity type, the second semiconductor region
being disposed in the groove to be opposed to
the well region via the drift region; and
a gate electrode opposed to the well region, the
gate electrode being disposed in a gate trench
that has an opening extending over the upper
surfaces of the well region and the first semicon-
ductor region and extends in a depth direction
of the groove.

2. The semiconductor device according to claim 1,
wherein the drift region is disposed to continue from
the sidewall of the groove to the bottom part of the
groove, and
the well region is disposed on a surface of the drift
region in the sidewall of the groove.

3. The semiconductor device according to claim 1 or
2, wherein the substrate is an insulating substrate.

4. The semiconductor device according to any one of
claims 1 to 3, wherein
the portion of the drift region disposed at the bottom
part of the groove has a structure in which a first
conductivity type region and a second conductivity
type region are disposed alternately along a longitu-
dinal direction of the groove in which the sidewall
extends.

5. The semiconductor device according to any one of
claims 1 to 3, wherein
the portion of the drift region disposed at the bottom
part of the groove has a structure in which a first
conductivity type region and a second conductivity

type region are layered along the depth direction of
the groove.

6. The semiconductor device according to claim 4 or
5, wherein
impurity concentrations of the first conductivity type
region and the second conductivity type region are
set such that the first conductivity type region and
the second conductivity type region are depleted by
a depletion layer that spreads from a pn junction
formed at the boundary between the first conductivity
type region and the second conductivity type region,
in an off state in which main electrical current flowing
between the first semiconductor region and the sec-
ond semiconductor region is cut off.

7. The semiconductor device according to any one of
claims 1 to 6, further comprising:

a first main electrode disposed on a surface of
the first semiconductor region in the sidewall of
the groove and electrically connected to the first
semiconductor region;
a second main electrode disposed in the groove
to be opposed to the first main electrode and
electrically connected to the second semicon-
ductor region; and
an isolation insulating film disposed between the
first main electrode and the second main elec-
trode and filling the inside of the groove, wherein
a portion of the isolation insulating film, the por-
tion sandwiched between the first main elec-
trode and the second main electrode, is divided
by a dividing groove extending in parallel with
the sidewall of the groove.

8. A method of manufacturing a semiconductor device,
comprising the steps of:

forming a groove on a main surface of a sub-
strate;
forming a drift region of a first conductivity type,
the drift region having a portion disposed at a
bottom part of the groove;
forming a well region of a second conductivity
type in one sidewall of the groove such that the
well region is connected to the drift region;
forming a first semiconductor region of the first
conductivity type on a surface of the well region
in the sidewall of the groove such that the first
semiconductor region is away from the drift re-
gion;
forming a second semiconductor region of the
first conductivity type in the groove such that the
second semiconductor region is opposed to the
well region via the drift region;
forming a gate trench that has an opening ex-
tending over the upper surfaces of the well re-
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gion and the first semiconductor region and ex-
tends in a depth direction of the groove; and
forming a gate electrode opposed to the well re-
gion in the gate trench, wherein
the drift region is formed by ion-implanting im-
purities into the substrate.

9. The method of manufacturing a semiconductor de-
vice according to claim 8, wherein
the well region, the first semiconductor region, and
the second semiconductor region are formed by ion-
implanting impurities into the substrate.

10. The method of manufacturing a semiconductor de-
vice according to claim 8 or 9, wherein
the drift region is formed to continue from the sidewall
of the groove to the bottom part of the groove, and
a portion of the drift region, the portion formed in the
sidewall of the groove; the well region formed on a
surface of the drift region in the sidewall of the
groove; and the first semiconductor region formed
on the surface of the well region are formed by ion-
implanting impurities obliquely from an opening of
the groove into the sidewall of the groove.
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